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PREFAC E

This is th e final report on the EMP coupling analysis of the H.M.S.

Sh e f f i e ld . Th is analysis effort was performed for the Uava l Surface Weapons

Center (N S W C ) under Contract r460921—77—C— o?85 . The purpose of this effort was
‘ - 

to demonstrate the ap p l i c a b i l i t y  of computer aided analysis to the solution of

EMP coupling problems in shi p sys tems.

NSWC conducted tests on the Sheff ield under vertical l y— po lari zed EMPRESS

excitatio n for one angle of incidence . The test data w i l l  be compared by (JSWC to

the analysis results. The analysis results only are presented in this report.

This report has been prepared by the Systems Vulnerability and

Harden ing Branch of the Log is tics Support and Services Divi sion in the Boe i ng

Aerospace Company. The Program Manager was D. E. I sbell; the Project Engineer

was J. W. Schomer. The principal investigators were Dr. D. E. Young and

Dr. R. S. Car ter .
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She ll i1’ Id  ~5 ’ r n5 I~~- t , ’d i n  J . i r n i j a r ’ .  l’~ ‘;‘ ( C o n t r a c t  No. N E ’ 0 9 C1— ’ ’— M — I l nP) .

4 b. Con s t u ct e lect n ’ s ” a lnl ’ t  i c coup C I nq mo d e ls  tha t relate .in e~ er ’na I

e l c ct r o - ” a ~n rnc ’t  Ic (EM) en v i  r i ’ rnn ’ n t ’ rn t t o  t h~ i nduce d  r,’s) ionses on s e le c t e d  an tennas ,

( 
c a b l e s . m d ‘ r a s t s  on the H .M .t- . , Sht ” f t  i1’I d.

c . Produc , ’ t n ’ , insf s ’ !  t i j i n ~~~ t ion ’~ n loi n the mode ls .

I

.1 . C,) I cU l , r t e I nduc, ’d vo l  t ,)s l t ’s ,nn,i c I l l ’ r e n t s  o n  the se l  cc t ed  i t e i ’ i s  u ’- li i i )  the

- n reasu red so u rce  t ic ’ !d ~ f t he EMPRESt, ,it the  H. M .S. Sfnt ’t f i t ’l d ’ ’-. loc ,m t i o m ~

The “e le .,.ted i t O l l s  f o r  i~hl~~fi r 1’d i c t  Ions lsc ’re made in t h i s  pr ’oq ra ’ i  a r e

4 I den t I f l e d  in I ‘tu ‘c 1 . The fo I 1 oi~ i iq rt ’s ponis c ’ ii were  c a l c u l a t e d

4 9
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a. Aft ‘iast surface current di stri ..ut ion on each of the four sides at

heights of 1 , 5 and 9 meters and the total currents on each of the five
4

horizontal yardarms.

b. 4 . 5 — i n c h  gun moun t wh ip  antenna bulk cable current at three po in ts

i n s i d e  the gun mount.

c. UK/SRA— 102 antenna bulk cable currents.

d. Shor t circuit current at the base of the foremast wire MF’ r ece ive
antenna (starboard).

e. Foremast sur face current d i s t r i b u t i o n  at hei ghts of 1 , 5 and 9 meters.

f. Open circuit voltage and short circuit current at the base of the

HF t r a n s m i t t i n g  wh ip  ( p o r t ) .

g. Open circuit voltage and short circuit current at the base of the LORAN

receiver whip (starboard).

h. Open circuit voltage , shor t c i r c u i t cur ren t , and ma tched load cur ren t

a t the MCO for the ACH Astro VHF antenna.

i. Matched load current and voltage in the MCO for the UK/SRA—lO ) antennas

(port and starboard).

j. Current on cables in the operations room.

2. BACKGROUND

The purpose of this program was to make predictions of vo l tage and current

levels induced at vario us l ocations on the H.M.S. Sheffield by the electric and

magnetic fields produced by the EMPRESS simulated EMP environment. A brie f

II

i t;
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descrip tion of the Navy ’s EMPRESS facili ty and its electric field measured at

the s h i p ’s loca tion is given in Appendix A. The ship was subjected to the EMPRESS

fields during a test conducted by the Nava l Surface Weapons Center between

Septembe r 16—25, 1977. The predic tions were made by using a wire grid modeling

computer code which was developed several years ago at the Boeing Aerospace

Company, Sea ttle , Washing ton , and has been used on many previous aircraf t programs .

Examp les include the B—i , F— i l l , 747, and YC—I 14. It was also used to predict

EMPRESS -induced responses on the U.S.S. Va l cour in 1975. T hi s wire grid modeling

technique is based on a method of moments solution for induced currents on the

wire grid mode l and is described fur ther in Section 11 . 1 .

12



-~ ‘~~ ‘ ‘  , ~~~~~~~~~~~~~~~~~ ‘r ~~~~ ” ‘ ‘

D194-10043- 1

S E C T I O N  I I
• 1 , TECHNICAL APPROACH

t Prior  ~o connr nnericen nnent of the rniodel inq a c t i v i t y ,  t he phys ica l de s c r i p t i o n s

of  t he S h . ’ - f f l 5~~1d and i t s  a n t e n n a s  w ere examined in detail. Included in t h i s  were

‘ h I p ’ s d raw l  r u t s  on.) the do to co i l  cc ted by a Boe I nq survey rew in Jonina. - y 10 - -I
-_ n .

Tb.’ S W ’ .  t”~ da ta  c o n s i s t  of  no te”  and ske tches  ot the antennas and cabl e ’, p 1 us

‘nor e t han 100 phot Oit ra p lis ta ken onhoa rd the sh I p. Di sc ni ss ions w i t h  t h.’ survey

~ re i5 is. ’ 1,’ .1 I so he Id •i t t I n. ’ ho4 1 inn I ny of t hi s proq rarnr to c l a r i f y  de t a I 1 s on antenna

t s ’ l i rn, ’ s t l v i  t ’y . The d~u~ tnnl e l n t o t  ion on the vt ’ rt  ic.i l EMPRESS f i c ’ Id , prov I ded N

N t ’\ ~ C • i .  i’ .i1 “ im rt ’ V I .‘w ,’ it S i n  0 t he f I na 1 t I m e domo i 0 .1 nd f requency dornra 1 n

pr. ’.) I t i.’ris t n , ’ t o  be i r a d e ’ f o r  the EMPRESS e’nv i ronnnrent to  fac I )  i t o t e  .,‘onipar i sons

I t  h t t ’s t  d~ to

Tf n , ’ on,i I ~ t i cal i’e~dc 1 w e r e  k.’p t. as s imple as pol, i, i b 1 e . Mi nor scat  I crc’- rs

‘ i” ‘s-t’ ,~ .~~t the 111 wir e antennas and upper deck structure were not includ ed.

Sitn i 1 .irly , L r O s s  coup l inq to other cables was ignored except through a genera l lied

loss  te l l. These s . ,  .‘ n n i l a ry  o f  f e c  t s ore expected to be small and , in gen t’ ra  1

wi 11 t end to q i ye I n t l 0 l~~~’s t han the s rip Ic node 1 s pred I c t . When s imp ii f yi  nq

th.’ “noile ls , i t  wa ’ a lways  done In a manner w h ich  gave maxirn run r coupl ing , neq lec tin q

s hat Io w i rns ~, t o n  e\ an ’ rpI t ’. Therefore , when comparing the analytical predictions w i t h

t he’ (t ’” t ,1~ to • t I n, ’ ma 1 y t i ca  1 ri’s u I t s  are expected to be over e st  I rura t c’s

I. IIPE1E LI NG METHODS

A l l  of t h1’ - ‘od.’ l’. ~‘ n . ‘ ‘e n te d  iii t h i s  report arc frequency domain transfer

t u rn 4  ( lo in ’ ,. The t i , n r n ’ , f t ’r t’un ct ions arc rat  los of the vol taqe , current • or

s u r f , i 5 t ’ c u r l  ‘ ru t  r c ’ .I~l’ns e to .ini 1 nr~ i( Ie’tl t plane wave e lec t i’ Ic field w i t h  u n i t

1 11, 1 lt u , ) , ’ . T he’ r’.’spon’~,’ ~pe. t rurnis wer e ob ta  ned by rniu l t iply i n q the t r a ns f e r

f i nn ,  t ion’-. Mv the EMPRESS in~ iden t spectrunr. A nume r ica l  inverse Fou rie r t r ans —

to r n ’ n w a - .  I hen nn ’ ,eil t o  nht .i i n  t he’ t i me donna in r’ espo n ‘;e S

The EMPRESS sp ec t ruin .~~~-. di spl .weel in A ppendix A I s the sun rr of a di roo t

i rnUd, ’ c n t  I icl,l pi n ’, a w a t e r  r e f l e c t e d  f ie l d .  S ince  the r e f le c t i o n  .mnqle i s  near

the nor i .‘ori , the ri ’fle’cte d field i s  nea r ly  iden t i ca l  to the incident field.

13
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Th e re fo re , the incident field is half of the measured EMPRESS field. Mos t of t he

mode ls developed on th i s  task Include a ground plane either at water leve l or at

an uppe r deck l eve l so tha t the fields in the absence of any scattering object

have dir ect and reflected plane waves which represent the EMPRESS field.

The transfer functions of response (voltage or current) to incident electric

field were generated by the computer code WIRANT (1]. This code solve’s for the

c u r r e n t s  on w i r e  segmen ts  i nduced by an incident field. The me t hod of m oments

[2] is used to reduce the solution to a simple matrix equation of the form

Z I~~~ V (1)

where I is the current matrix , V is the excitation matrix , and Z is a generalized

i mpedan e matrix. The current is expanded as a series of p u l s e f unc t ions

(constant current on each wire segment). Good results are usually obtained if

the segment lengths are less than one sixth of a wavelength.

A wi re grid model of the H.M .S. Sheffield could be constructed which

i n c l u d e d  a l l  an tennas , mas ts , cab l es , etc., for  wh i c h  an a n a l ys i s  Wa ’. required .

All i mportant structures would be included in the model to  account  p r o p e r l y

for the scattered fields. If this model were to be valid up to 50 MHz , each

segmen t length should be less than 1 meter. Hence , i t w o u l d  re qu i r e  m a n y

segments of this length to construct this wire grid mode l of the entire shi p,

Howeve r , practica l considera tions (computer run time and central memory) dictate

that the total numbe r of wire segments be less than 160 segments for a CDC 6500

computer.

The modeling of the Sheffield , therefore , consis ts of several submodels ,

each with a restricted frequency range . The upper frequency of each model is deter-

mined by the segment length and the one-sixth wavelen gth constraint. The l ower

freq uency li m i t  of a particular model is dependent upon the numbe r of segments

which limi ts the physica l extent of the Sheffield that can be modeled. A

discussion of two of the submodels of the Sheffield w i l l  help in clarifying

these res t r i c t ions .

lii
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4 The l owest frequency model must inc lud e the entire length of the ship if

the dominant ship resonance is to be included . If 100 segments are used , the

nom i nal segment length is about 15 meters. This implies an upper frequency of

3,3 MHz. The l owe r frequency l i m i t  is zero since the entire ship is inc l uded.

This  m odel is des cr ibed  in m o r e  d e t a i l  in the next sec t ion .

A hi ghe r freq uency model of the ship which is valid up to 15 MHz would

requir e segment lengths less than 3.33 meters. With 160 segments each 3.33 rnneter s

lo ng, one i s  l i m i ted to mod e l i ng t he fore  and af t mas t s , the HF antennas , and

some of the upper deck structures. Therefore , this subrnnode i does not contain

th e fundamental shi p resonance but would contain the f i r s t  s e v e r a l  resonances

of th e m asts and antennas .

U s i n g  t he above two mod e l s , the first severa l ship and mast resonances

can be obtained . The highe r order ship resonances were not included but are

not e x p e c t e d  to be s i gnifican t. A discussion of the merg ing of the two solutions

w i l l  be presented later .

The modeling of individual substructures may require one or more submodels

depending upon their physical size. Usually , an asym ptot ic  s o l u t ion such
as ph y s i c a l  op t ic s or the i n f i n i te w i r e cu rren t ca n be used to ex tend a w i r e
grid model up to the upper li m i t  of the incident field spectrum. The main mast

su r f ace  c u r r e n t , for example , should approach the physical optics solution when

the mast becomes more than 2 wavelengths long .

2. LOW FREQUENCY MODEL

The low frequency wire grid model of the H.M.S. Sheffield is shown in

Figure 2. The shi p was oriented with the stern at the coordinate system ori g i n

ex te n d i n g  in l ength along the X axis. The shi p ’s structure was divided Into

many segments where each of the segments was a metal cylinder upon which the

ind uced currents flow. The model has 91 segments and 60 junctions. The radius

of each segment was chosen so tha t the total area of the cylinder ’s s u r f a c e  was
e lec t r i c a l l y equival ent to the ship ’ s surface area which it represents. Since

15
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this mode l was used onl y for the l ow-frequency ana lys is , only the major elements

of the sh ip ’ ’. structure were included. The incident electromagnetic field Is

s hown in the coord i na t e ’ system. The polar angle e is measured from the Z axi ’ .,

the a.~innn uth a n sj l e  ~‘ is measured fr~ ni the y axis in the X—Y p lan e

and the’ p olarizati on ang le ’ T i s  the angle which the electric field flak.”. I-J ith
A A 

othe ~ uni t  vector in the 0 — 
~ p la ne. Hence , ver t ica l p o l a r i z a t io n ha s T 0

and horizontal p o l a r i z a t ion ~r • O~ .

The low f requency model was to de termine the’ currents and fields for

f r e q u e n c i es  near the fundamenta I resonance of the ship. The length if th~ shi p

is 125 me t e r s  and the resonant frequency is  2.5 MHz (full w a v e )  whereas t h e

first half— wave resonance is at 1.2 MHz. Thus , seqment lengths were chosen so

that th~ model would he v a l i d  up to frequencies near 3 MHz. The maximum segment

length is given by the condition that the current in the segment be essentially

constant. As mentioned prev i ously, this was obtained when the length of the

seernent is ~ s X/6 where X Is the wavelength of interest. This corresponds to

a length of 16.7 meter s . Thi s condition was satisfied for all the seqments except

several of the long horizontal segments whi ch were 27.14 meters. Hence , currents in

these sc’qric ’nts nay not be constan t as the frequency nears 3 MHz. Currents in

these lon g segments we’re monitored closely to determine if the model was break i ng

down as the~ frequency was increased . Thus , b y using the l ow— frequency model

up to frequencies near 3 MHz , th e c u r r e n t s produc ed near the s h i p ’ s fundamental

resonance s were found. Two other considerations enhance the quality of this

mod e l .  First , the “fatness ” of the ship reduces the resonant frequency and

second , the .‘xci tat ion of the shi p was in the vertica l mode. The segments in

the vert ical direc tion were short c inlpared to the resonant wav elength so that

the c o n s t a n t  c u r r e n t  a s s u m p t i o n  was s a t i s f i e d .

Tb.- . model c o n s i d e r s  the sea water to be a good conductor at the frequenci es

of anal y s is and represents the sea water as a perfectly conduct ing ground p lane.

That this is valid can he seen by calculating the frequency for which the

conductivity condition is sa tisfi e d ,

~‘ _ ,, _ s s)
2m~fn

0 r
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For sea wa te r , a = 14 mmi hos/m and C
r 81 so that the sea water is a good conductor

for  f ‘~< 8.9 x l0~ Hz. This condition was sat i’ .fied for all frequencies of

int e rest in this ~i nual ys is .

In order to deterinn in e the transfe r function for the low frequency nnnode l

(LFH) , the m ode l was excit ed by a unit anupi itude plan e wave for frequenci es

bet ween 0.1 MHz and 14.0 MHz. The rea l and inraq ln ory parts of the current have

been plotted for several “elected seqnrents in Fi gure’. 3 through 5. Figure 3 shows

the rea l and inmn ag inery parts of the current transf er function 2.14 meters up the

ma in or a f t m as t ,  The resonance assoc iated w i t h  the length of the mast can be

seen at 2.8 tiM.’. The influenc e of the ship ’ s st ruc t u r e  broadens the r,’s,nnance. Due

to restriction ’ . on the’ nnax i munn frequency for which the LFM is accurate , curr ents

above 3 MHz should tnt ’ viewed with caution (the current was set to zero at 4 2

MHz). It is si gnifican t t i t  note that no resonances associated with the shi p ’ s

length are seen in the nnast current. The ship ’ s resonance is near 1 MHz. This

Is not unexpected since’ the mast is perpendicul ar to any currents which may have

been associated with the ship ’s resonance. The curren ts in the gunwales

ar e s hown i n Fi gures 14 and 5 in order to check furthe r for the shi p ’s

resonance. Segrnnent 4 is located amidships and segnnnent 8 in the bow. Cui’rents

in nnei t h e r segment exhibit the shi p ’ s resonance. This indicates that the

vertical excitation of the ship does not have any appreciable couplin g to the

hori zontal mode’s of the ship , or that the horizont al modes are shorted out by

the sea water when they reach the bow and stern. A resonance’ probably associated

with the aft mast is pre sent near 2.14 MHz , but no l ow—frequency resonances are

p r e ’’., ’rn t

The’ i ni t ,’r .nct ion between the .nft and f o r e m a s t s  i s  shown in Fiqure 6. The

Lu r rent on the foremast has a s t rong  dip in the real and I nnraq I nary part s ne’a r

the resonance frequency of the aft mast. This coupling was expected because of

the pr o~~i c r i  t y of the mas ts . The influence of the foremast upon the main m a s t

current is not as strc)nq because the aft m ast current is larqer near the

resonance.

18
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Af t Mast (H.M.S. Sheff ield Low-Frequency Model)
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Figure 4 Rea l and Ima g in ary  P a r t s  of the Current on Segment 14
M i d  Sh i p Sec tion , Main Deck , Il l uminated Side (H.M.S.
Sheffield Low-Frequency Model)
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Frequency Mode l)
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Fi gure 6 Real and Imag inary P a r t s  of the Cur ren t  on Segment 88 -

Foremast (H.M.S. Sheffield Low-Frequency Model)
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3. MID-FR EQuENCY MODEL

A mid—frequency model (MFM) of the Sheffield was constructed to extend the

analy s is from 3 MHz to 15 MHz. In addition to extending the frequency range , the

model must include the aft and for,’mnma st s in order that mast current densities

can be calcul ated.

In connstru c tinq the MFM , advantaqe was taken of the fact that the scattered

fields are only i rm npor ta nt for positions within one wavelength of the scattering

object. This greatly reduces the amount of the structure that need he included

in the model. The items which were analyzed that are near the foremast were the

wire IF receiv e antenna , the LORAN receiver whip, and the foremast surface

currents. Nearby structure includes the radar , seve ra l HF whi ps , 909 director ,

smoke stack , and HF trans nn it antenna. I tems studied which are near the aft

mast are the ACH Astro VHF antenna , th e HF transmitting whip , the UK/SRA— l 02

antenna cable , and the aft mast surface currents. Important structure near

the aft mast incl udes the 909 director , smoke stack , and severa l an tennas.

Hence , by considering only those structures whose scattered fields interact

si gnificantly with the subject antennas and masts , the structures required for

the mid -frequency model were limited .

With the above points in mind , the ground plane for the mid-frequency model

was established as shown in Figure 7. The ground reference plane follows the fore

top deck and then drops down to include the smoke stack and aft mast and

f inally goes up to model the director. In the wire grid model , these steps

we re not i nc l u d e d  beca u se t he i r  l eng ths were sma l l  compar ed to the w a v e l e n gt hs
of i nt erest in the mid—frequency model. The wire grid mode l for the mid-frequency

region i s show n i n Fi gure 8. As discussed above , the model only included that

structure which wa s nearby those items analyzed.

The mid—frequency model was oriented the same way as the low frequency

model with the stern at the coordinate system ori g i n  ex tend i ng in leng th along

the X- axi s. The nnode i had 126 segments and 87 junctions. The currents

23
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cal cu 1 dt ed for thi s  node’- I were me rqed w I th t hose found in the l ow—frequen cy node 1

to extend tho frequency range froini 0. 1 to I a Nil,. Currents on the m a s t s  were

connpa red in th e’ I requency iwe r lap reg ion to as sure t hat the model s were ommnpa t I hi , ’ ,

14. MERGING OF MODEI.S

rho l ow— frequency mmn od e I (LE N) w i ’~ used for f re ’-quenc It ’s UI) to about 3 MM.-’

at w hi cii point the ‘. ‘ qnn m ’nt leng ths approach t he 1/6 w av e leng th  r e s t r i c t  ion. The’

inn i e1~ f rt ’quency encode I (MFM) extend ’~ the f requency up to near I ~ M h z  . Hence , n ear

3 MHz t ine ’ LEN anti fIl M mu st be’ nnem rc je ’ d . The st ruct ure ’’~ which have ‘~i qni Ilcan t

i n ’nqt ii w i t h  respect t i n  the shi p ,ire ’ ti ne i t t and fore’nnnasts ; 1 . t ’., t inn ,,’ ‘.1 r ent lures

for wh i ch  cm’ e ’xpe ’e t t int’ MFM ‘‘ground 
~
m I an n e ’’ ’ to be’ I e a s t  rt ’ p re ’so nt  a t  I VL of the

ground pl ane ’ produced by t he’- ship ’s 51 rnict u re . In order to correct for this

i mm c c c u r a c y ,  L • R , C e I e ’me’n t s were added to I hose imn ~ st s in the’ MFM . Hence’ • the

‘.i n i p ca n be ’ thought n ) f  as an e I ennen t wim I c h i oad s t tee ’ se’ ma’. t s . Th( ’ c I rcu i t  by

wh i cli each  base “e ’ e jn me nn t of t he HFM aft least was I o,ided was a so r i t ’ S L , R , C

c i rcu i t  p1 an-ed i n pa ra 11 e I w i t h  the base’ seqenen t . The in I t ía I va l ues  f o r  L , R , C

we ’ re ’ c ’s t u nm ated by commc pa r i ro j  the LEN and MFM I. ra nsfe ’ r  func t ions for t ile’ af t

m a ’ . . The’”,’ va 1 im ~’ s we r,’ ad j u s t  eel un t I 1 aej reen nnen t be twe’en the two node I s was

found. The ’ a f t  mea t t r , m m n ’ . l e r  funct ions for the cur rent  .it the has,’ ,ir,’ co imepared

i n  Fig ure  ‘) (L Ef t )  ,,nd F I qei re 10 (MEN) . The l ow—frequency  current  i s c ,cpac I t  I ye’

arid ni4 red ‘.c’’~ as I(~m , both the node 1 s ‘xii I hi t t hi s behavior .  As t he f reque’ncv

i nn ’ re.tse ’’., the r ea l  part  of the cut rent increas es as w 2 pea k ing at t he’ reso nance’

f requency whe’ re the’ i m.-iq i nary part  of t he cii r re’ n t I s zero . 13o t ii model s r~’ ‘.on,cri

a t  about 3 liii ,’ s how i ng aria 1 ogous responses be low .3 MHZ. These’ a f t  mmm ,i s t  enc ode ’ 1 s

w ,’ re ’ nnmc ’ rqc ’d by using a weigh ted  average between 2 and 1c MHz. Coinepar I rig the

raris I I’ r furi c t i on’. for t he forema’; t in F i qu re’’. 11  (L FM) and 12 (MEN) , t he

capac i t iv e  cur re nt  is dornilnant at low f requenc y but the LEN shows a s i gn i f i cant
I n t  ,‘rac t ion be twt ’e n then aft incas t sca t tered I ie’ l d and the forem ast a’. e ’v I denced by

he’ di p in the fo rc’nnas t current near 3 MHz. S b c e  the MFM dor’sn ’ t have th i s

be’ hav In r , ~n eie IHUS t as suince that t he s t ruc tu res  between the Incas t s sh i t ’ Id t he’nc i n

the MEM and that  there is si gnificant coupl ing between the m asts via the shi p ’s

upper deck. The’ LFM probably has too much mast coupling and t he’ MEM too l i t  t 1~~. 4

These model s we’re merged by n~. I ng a we I qh ted av e raqI~ be’ tweon 2 and 14 MHz

26
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5. HIGH—FREQUENCY MODELS

As the frequency of the a n a l y s i s  i s  i n c r e a s e d , the effect of nearby

sc a t t e r i n g  objects on the sub jec t  s t r u c t u r e  becomes minimal. The hi gh—fr equency

antenna or cable models calculate the interaction of the structure with only the

inciden t fie d (over a ground plane) excitation .

These individual models extend the analysis from 15 MHz to 100 MHz. The

HEM is merged with the MFM between 12 and 15 MHz. The extent to which these

models merge is a verification of the HEM.

31
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S E C T I O N  I I I
COUPLING ANALYSES AND RESULTS

The analysis and predicted results of the individua l models are presented

in this section. The tienne domain results were all obtained by mul ti plying the

neodel t r a n s f e r  f u n c t i o n s  by the EMPRESS spect rum and then numerically performing

the ’ inver se’ Four ier transform . Before performing the i nverse transform , the

spacial origin was shifted to the prediction point so that the response would

start at .‘e ’re) t ime . The q u a l i t y  of the inverse transform was examined by

4 -oneput nq th,’ response t 5n r up to 200 nanoseconds before t line zero.  If the

t r a n s m r funct toe) is causa l and adequate ly  sa enp le ’d in the ’ f requency domain ,

t h r e e  t h e  n e g a t i v e  t i n e e  response ’ should be zero. Nonzero r e s u l t s  are gene ra l l y

due’ to elt h t  ien s u t f i ci e ’nt sann np l ing or the neerg in g of two solutions over a

frequency band in which the two solutions are quite different. For all  of the

models of t h i s  se c t  ion , t he numerical  “no ise ’1 for negat ive t ime was well be l ow

the pos i t i v e  t i l d e rt ’ s u l t s . Insuf f i c i e n t  sampl ing , when i t  occurred , was

corrected by add ing moreS f r e q ue n c  los where the s p e c t r a l  r e s o l u t i o n  was poor.

1. AFT MAST

Tine aft nnast of the Sheffie ld is a rectangular  c y l i n d e r  (see F ig u re ’ 13 )

w h i c h  for v e r t i c a l  e l e c t r i c  fi e ld excitation is the dominant shi p structur e .

The aft mast has five horizontal yardarms which are desi gnated i n  this report

as t he two upper yardarnms , the two m idd le  yardarms and the lowe r yard a re nn w h i c h

has the AC M As t ro  VHF antenna. Sur face current densities on the ma st and

cur ren ts  on each o f the f i v e  yardarm’ . were computed .

a. Surface current density , analysis enethod .

The i’ le c t r oc n m1cq net ic  response of the ,ift mast i s  b a s i c a l l y  the response ’

Of a nnonopo li ’. A c I rc ul ar enonopo I e exc it ed by a pa ra 1 1 e 1 e’ I e’C t r i c I i r ’ I d has two

basi c modes ; the common mode or dipole ’ current and the di fferential encode or loop

type of current densi ty. The di pole current density Is the usua l mode associated

32
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wi th a dipole antenna and is uniformly distributed around the circumference. At

the antenna surface the magnet ic field that this dipole current , I , produces is

g i v e n  b y

H ~_L (3)

The differential modes are those modes which have ~ var i a t i on  about the

c i rcumference . These ’ mod e’s art ’ near ly  the same as the differential mod e’s on an

i n f i n i t e ’ c y l i nde r  w hich has an axial current density g iven by f 3 ]

2 

~: ~~ ( 1 4 )
n=-~ H - (Ka )

Equa t ion  ( L c~ can be rewr i t t e n  as

— - 
2 H 1

~~ + ~ H
1”

~~~ ~~~ cosri~ ( 5)
‘~Ka H0

(2)
(Ka ) ~iKa n 1  j

n
H
(2)

(Ka)

The f i r s t  term of equat ion (5) is the common mode (uniform ~ variation) and

i s  cons ide rab ly  d i f f e r e n t  from the d ipo le  common mode which is length dependent.

For sm a l l  Ka , the dom inant differential mode term Is the n l  or cos1~’ term .

The total current dens i ty on a dipole surface for small Ka is , th er e fo re ,

I m c
J~~~~~~~~~— —2 H  cos~$m (6)

I n the formulation of equation (4 ) , the f i e l d  is i n c i d e n t a t ~~ 
= )Fl~~~

° 
~~~~

tfnat the differential mode current dens i ty is positive (upward) on the Illuminated

‘.I,ie ’ amid nega t i ve  (downward) on the shadow sIde l i k e  in a 1oop response.

~ 

j
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The aft mast surface current density of the l ow—frequency Sheffield model

(F igure 2) is approx i nnately given by equation (6). For the mid—frequency model

(F i gure ~ ) the miast is gr idded as a t r iangu lar  cy l i nde r  so that the common mode

cuu rre ’nt is co puted by summ ing the three vertical seqmm cents. Equation (6) is only

appr,)’5n ,cte for the two Sheffield models because there are othe r ship structures
- 

which contribut e to the total scattered field.

- The ge ner a l  approach to inc lude the other structures is to compute the

sc,iUe’re’d fie ’ld by the vector potent ial , I . e . ,

i 1 V  x K  (7a )

— , —jkR

~~

- I(r 

~~R 
ds. (7b)

where I is the current dis tribution on the wire enodel . Depending upon the corn—

p le xity of the wire model , t he d i f f e re nt i a l  modes enc ay or ma y no t be i n c l u d e d .

The af t mas t of t he low—frequency  S h e f f i e l d  model • for  exa mpl e, is a simple wire

segencent and , therefore , has only a comnnncon mode current , the current in the wire .

The aft m ast of the mid—frequency model , however , is a triangular cyl inder and

exhibit s the differential current flow through the three vertical wire segments.

Diff erenti al mode currents of approximately equal amplitude flow up the two

vertical segments on the illuminated side , a nd the sum of these two cu r r en ts
fl ow down the segment on the shadow s i d e .

The’ p o t e n t i a l  mast su r face  current d e n s i t i e s  were computed by using the

vec to r  p o t e n t ia l .  For the spec ia l  ca se of s i n u s o i d a l cur ren ts , t he sca tt ered

t Ie ’I d s can be computed in closed form [4]. A computer proqraen n which taLes

advantage of this special case was used. The program expands the current

(computed by the W IRANT code) ove r each half-segment as a sinusoid by using

35
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the current at the nnid se ct ion and the charge at the end of the seqennent. Fur the ’
low—fre ’quency enmodel , the differential mode on the em nast was added to c u p ’ m ’t t ’ the

soi ut ion, The’ ml d—f re’n,ue’m nc y model contain ’ . the e meas t  d i f f e r e n t  i ,cl mo u lt ’ • t~~~~t t h~

Lnhsn ’ rv.e t ion po int  wh ich  represents  the east surface enm u st be car e ful lv c hose n .

I I t ine obse ’ rva t i aim point i s too c i  a ma’ to one of t he’ w 1 re se ’qemm en t s , t ht’ t I n ’ I J - -

J V n ’ ev t ’ e ’s t  i f a t e d .  The a bse ’rva t l ore point , therefore , was selected so th a t t in ’

I ri t e q rat ion over  t h1’ ye r t I 1 mast seqeveen t s u~ ave a re’s cm 1 t eq ua 1 to  t h a t

equat iO n (6 ) .

T h e ’ to t  a I ~e’C t ru en e mva s ob t a i ned by mime rq i nq the I ow and nm Id— I requie m

so lo t  i oem - S betw een 2 and 4 ieqah n ’ r t and by m ien rq I nq t hen m l  d— t requenc~ sol  Ut  i o n

w i t h  t Ine ’ i n f i n i t e  cyl inder s o l u t i o n  (equat ion  (4 ) )  between 12 and i i  ‘nt ’ m ia hi - r t , ’ .

I . Aft m ast surface current densi tv predict ions .

The aft m ast surface current  d e n s i t i e s  are p re sen ted  in F igures  14

through 2~ at ‘mast hei gh ts of 1 , 5, and 9 em nete’rs. At each hei ght the current

demi s i tv  is  shown for each of the four s ides  of the enast. Each of the rCsOceflse’s

art’ quite ’ similar , having a 2.8 MHz dannped sinusoid response associ ate ’d w i t h

the east resonance . The differential mode , which is proportional to the incid e nt

fI eld , causes the s li ght response variations on the four sides. On the

ii I umnm I na ted -, I j e’- (port ) , for  e~ 11nnp it ’- , t he ear ly t i nec current dens it s fo 1 1 oc~s

the i n i t i a l  pul se of the ’ EMPRESS fi e ld. For the shadow side (starboard) the

rove ’ rsa 1 in sign of the d i f fe rem i t I a I menode (2 H ’ nc ) nearly cancel s the en ionopo ir

response’ at early t i n e  so that the combined rise time is increased. The peaL

value ’’. at the’ 12 locat ion s vary f ronn 12 to 26 aennperes—p er—en cete ’r.

The nonzero re’sponses of the current densities , which have a l omv-

f requency behaviour , indicate that the inn er gin g between the low and nnid—frequ encv

so 1 Ut ions was lot perfect. Bet te’r resu 1 t s prohahl v won 1~1 he’ obta I ene1l hs h,iv I nq

a 1 eu~— f rt’qu&’ncy ncod(’ 1 wh I cii won 1 d he’ va 1 Id up to 5 eneqahe r t -
. I n a ide’ r t hat the ’

me rging could take place above the 2.8 neeqahertz r,’conance.
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t c. Yarda rm anal ysis method ,

The upper and middle yardarenis consist of a horizontal arm and two

sla nted support struts. Currents on the yardarms are induced by two modes ,

the dipole mode (associated with the length) and the loop mode (associated with

the area between the horizontal arm and the supports). The ori g ina l mode l i n q

concept was to cons ider  each yardarm separately driven by the aft mast surface

current and norma l electric field as computed from the low and mid-frequency

Sheffie ld models. The yardarms , howe ver , are physically close to each other

so that it was decided to include their mutual coup l i ng  by griding the aft mast

and yardarms as i l l u s t r a t e d  in Fi gure 26. This  model is v a l i d  up to 30 megahertz.
The upper  and m i d d l e  ya rdarm curren t s are p r ed i c ted by o b s e r v i n g  the current in

t he appropr ia te  segment of the model. The model automatically p icks up the

dipole and loop response. The lowe r yardarm also has a slanted support which

is too small to convenien tly be included in the model. The support forms a sm ina l l

loop wit h  the horizontal arm and the loop is driven by the mast surface current.

This loop response was added to the l ower yarda rm current of the wire model.

The lower yardarm also contains a simple model of the ACH Astro VHF antenna

which is discussed in Section 111.8 .

d. Yarda rm r esu l t s .

The t r ans fe r  funct ions of the port and starboard upper yardarm currents

are shown in Figures 27 and 28. The upper yardarms curren ts are seen to respond

to the aft mast resonance at 3.2 meqahertz (this model was not loaded at the

base as the mid—frequency Sheffield model was and , therefore , the mas t resonance

i s  at a hi gher f requency).  The strongest resonance is at 10.5 meqahert’  wh ich

appea rs to be a combined upper—middle—lowe r yardarm resonance since it appears in

all of the yardarm responses but only weakly in the l ower segments of the mast .

The uppe r yardarm resonance is at 13.3 megahertz , and the 21.5 megahertz resonance

is possibly a ha rmoni c of the 10.5 megahertz resonance.
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LOWER
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Figure 26 Aft Mast Model with Yardarms and AC H Ast ro  Antenna
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The time and spect ra l responses of the upper yardarms are shown i n
F i gures 29 and 30. The dominant response is at 10.5 megahertz with peak values

of 8.6 and 10.5 amperes. There is a sl i gh t Gibb’ s phenomena at time zero due to

the assumption that the current is constant above 28 megahertz. The middle

yardarm transfer funct ions are shown in Figures 31 and 32. They show strong

c o u k l i n g  to the mast resonance p lus  an added resonance at 7 megahertz which is

due to the a f t  HF antenna w i r e  support .  S ince the m i d d l e  y a r d a r m s ac t p r im a r i l y

as loops , the ir t ime and spectral responses (Figures 3~ and 34) are almost

i d e n t i c a l  to the a f t  ennast sur face current  d e n s i t i e s .  That is , Figure  3 3 compares

with Figure 24 and Figure 34 compa res with Figure 21 . There i s  a p o l a r i t y

d i f f e r e n c e  due to the a r b i t r a r y  cho ice of p o s i t i v e  current  f low . The peaks are

1 1  and lit .8 amperes.

The lowe r yarda rnn current  is dominated by the 10.5 megahertz  resonance

(see Fi gure 35) and to a lesser degree by the uppe r yardarm (1 3 .3  megaher tz)  and

i t s  own resonance (18 megaher tz ) .  The t ime and spec t ra l responses;  shown in
Fi gure 36 , are predominant ly at 10.5 megahertz w i t h  a peak va lue of 10.5 ampe res.

2 .  L+ .5—I NC H GUN MOUNT WHIP ANTENNA CABLE

The hous ing for t he 4 . 5 — i n c h  gun mount , which l i e s  ahead of the super-

s t r u c t u r e  on the ma in deck , is  made p r i ma r i l y of f i berg las s. It contains a

large numbe r of cables , includ i ng a coaxial antenna feeder cable that leads to

t he base of a short whi p antenna on the top of the turret. However , during

the ana l y s i s  and test the antenna was not attached. The bulk (common mode) current

was predi cted at three points along the cable inside the gun mount : at the antenna

bask’, at the center of the run , and at the e x i t  point from the gun mount.

A wire grid model of the antenna cable and some of the nearby structure

ave r a ground plane was constructed (Fi gure 37). The antenna cable runs up the

s ide  of the tu r re t  (segments 1 through 6) and returns to ground by a metal strap

(segments 7 through 13). The cable then runs from the gun mount to the operations

room 33.5 meters distant. Thie cable run was t reated as a shorted t r a n s m i s s i o n  line

53 
. 

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 



r

0194—70043—1

10. r I 1 T I I I I IJ I I I T T T T I t r , Y T T I I T 1 I , T I T I Y 1 I 1T I I T , T T T Ir I I 1 T U I 1 TT

- - - -  -

Q LU I S I S SA IlS I LLLULItLLIL LLLttI I LW LLLWA~JLILlL.L ~ij ~t i
- -  TI J - .00 .25 .50 .75 1 .00 I .~~&TX [0~

I I ME (SEC I

I 0~ ~~~~ 1 1 1 I T I I I 5  T - t 1~~~ T1 TT~~~ 1 1 -t - --rrr-n

t o-’ -

10 ~~ -- - - I I. 1 S_S - - - I I L LILL.L ~~~
_
~L

_1_ I I-_L -L-IJ 
o’

FR E~~(Itfl

F i qm i ml’ 29 Ii mmmc and F requeni y Done.s iii of Upper Y.i ida flee ( P~ i t  ~ ide )

‘T I, -

L - ~~ - 
_
~~

_ 
~~~~~~~~

— ~~~~~~~~~~~~~~~



5 - - -  ___S_S____~~~~~~~~~~
_ _

~~~~~~~~~~~~~~~~ _5______S~~~~_

r
4- ’

0194— 10043-7

10.0 ~~ v T I T , 1 T T1’T tT1TtT 1TIT1T1TTTTt t TTTTTfl1TTT t1U T I I U I 1 T Y

--

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~

I I I I ii I I I I I I & I I I I & S III lid I I I I I I I S I I I I S I I I I I I I £~~~1LLIS
.25 - .00 .25 .50 .76 1 .00 I .25

xto-’
I I ME ( SEC 1

1 ~ T T  I 1 I 1 1 1 5  T T~~~~ I I I 1 1 5  1 I I I I I Ui

~~~~ 0r
5 

~~~~~~~ 
L~~~~~~~~

HZ I

I i ‘~ S II I ’ tO lee , ie m 1l I s t’ 115 I t ’m1i v Doemsa i i y  at t m ,Irt . u Y am da rm im (St ar t% a.msd ~ ide)

I, I_~

- - - ‘- ~~~~~~~~~~~~~ .sAIrS~~~~~~~ , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~



—

r
D 19 L+-loo zi3~ l

20.0 1~~ I I V I 1 I I I 5 1 I I I I I I I I I I I I I I I I I I

—20 0 I l l_ I 1 1 1 1 1 1 1 £  1 1 1 1 1 1 1 1 1 1 1 1 1 1 I I I

0. tO. 20. 30.
XI’

FREQ C HZ I

10.0 1 1 1 1 1 1 1 1 1 5 1 1 1 1 5 1 1 1 1 1 1 1 1 1 1 1  U I  I

!~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—40 0 I I I I I I I I I I & S I I I I_ I I I I S I I I I I I I I
I 

tO. 20. 30.
X I’

FREOC HZ I

F i gure 31 Transfer Function of Middle Yardarm (Port Side)

56



‘

~~~~~~~~~~
‘ 

~~~~

5-

~~~~

” 
~~ :~~:—~:~~ ~~~~~~~~~~~~

r
~~~~~~~~~~~

4 .

01 94— 100 4 3— 1

20. I I I I I I I I I 5 I I I I r I 1 I J I I I I I T I

—30 L I  I I I I I I I I I I I I I I A I I I I I I I I I I I I

0. 10. 20. 30.
XI ’

FREQCHZ 1

.01 
:

T 1 I I T I 1 I I I  1 1 1 1 1  1 1 1 1  5 1 1 1 1 1 1 1 1 1

L I I I I I I I I I I I  I I I I I I I I I I I I I I I I I

0. 10. 20. 30.
Xl’

FRE Q( HZ I

Fi gure 32 Transfer Function of Middle Yardarm (Starboard Side)

57

- —- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



r

0794-70043—1

16~~ 1 1 1 1  I I UT 5 I I I I I  1 1 1 1 5  I 1 1 1 1  I I I  1 5  I I I I I I I I I 5 I I I I I  I IA 1 5 1  I I I  I I I U

— to & & & II~~~I I I & I  1 1 1 1 1 1 1  I I I I I I I I I I I I I I I I I I I I I I  I I I  I I I I I I I I• - .26 - .00 .25 .60 .75 1 .00 1 .25
xt0-I
I IME ( SEC I

I ~~~~~ - I I 1 I I T I f l  I I 1 1 I 1 1 1 5  I I I I I UT1

1O~~IO
IITII.T

ID i0~
FREQ( HZ I

Fi gure 33 Time and Frequency Domain of Middle Yardarm (Port S ide )

58

-

~

.- 
- - _ - - -_—- -- - ----- - ~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

, 
~~~~~~~~~~~~~~~~~~~~~ Li



r

D 194—1004 3— 7

I’

1 0 .  J I I I I I I I I J I I I I I I  I U 1 J I I I I I I I I I 5 I I I I I I I I I 1 I I I I I I I I I J I I I I I I I 1 T

~I~~~~~~~~~~~\1 I I 1LI I II
2~ - .00 .25 .50 .76 1.00 1 .25xi a-’

IIME~ SEC )

I I 1 1 1 1 1 1 5  I I I I I I I I m  T I I 1 1 1 1

10 50 I I & 1 1 1 1 1 1  I I_ I_ 1 1 1 1 1 1  L_ I 1 1 1 1 1 1

1O~ 
- 

10’ 10’ 10°
— FREQ(HZ)

F i gure 31+ -Time and Frequency Domain of Middle Yardarm (St~irboa rd Side)

59

hIL ~ _ -~~~~~~~~ - ~~~~~~~~~— - --~~- _ - -——.



I~~~~IlII”~ --.5-~ 
—-

~::~~~~- -~~~~~~~
-- 

~~~~~~~~~~~~~~~~~~~~ ‘T~~~ ’~~~ 
— ‘‘—‘—

~
-

~
“‘— - ----w — - - ---— -—

~~

-

r

D794— 10043-. J

06 1 1 1 I U T 1  I 1 1  T 1 1 t~~I r  I 1 I 5 I 1 I I I I I 1 t

.04 - 
A

— 1 1 1 1 1  L I  I I I I I I I I I I  1 1 1 1 1 1 5  L I  L I I
I 

tO. 20. 30.
xi’

FREQ( HZ I

75. r r 1  I I I 1 I I 5 I I I I I I I I 1 5 I 1 I I I

~~~~~~~~~

_ _ _75 L I I I  I I  L I I I  & L I  1 1 1 1 1 1 1 1 1 1 1 1  I A  & I

~O. 10. 20. 30.
X LO~

FREQ (HZI

F i gure 35 Transfer Function of Lower Yardarm (Starboard Side)

60

—--- — --- --5--- - -— -i-5~~~~~~ 

- 

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ -



~~~~~~~~
— -

~~~~
-

~~~~
- --

~~~~~~~~

r
1- TI ’

07 94—10 04 3—1

10. T I I I I I T I 5 I I I U I 1 I T T 1 I I I I I I I I I J I I I I T I I U I 5 I I I I I I I I I 1 I I I I I I I I ]

— i S  
I I I I ( I & I I I I I I & I J I I I I I I I I I I I I I I I I I I II I I I & I I I I I I I I ! I I I I I I I I I

.25 - .00 .26 ,SO .75 I .00 1 .25
XLO~
TIME (SEC

l0~~~ 1 I 1 1 1 1 1 1 1  I I 1 1 1 1 1 1 5  I I 1 1 1 1 1 1

I I I I I I II I  I A 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1

tO’ 10’ 10°

FRE1~(H Z )

Figure 36 Time and Frequency Domain of Lower Yardarm (Starboard Side)

61 

- -

_ _ _ _ _ _ _ _ _



r

01 94— 10043-1

551
-J

Ui

r’n O
—

- —
~~~~~

-- — - -  -- 
-  

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-—~~-— ---~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ ‘1
r

‘
‘I

0194— 1004 3—1

over a ground p la ne and i nc luded  i n  the base segment  as a load .  The model also

included a larg e loaded cable bundle (segmen ts 14 through 26) and the 4.5-inch gun

(segments 27—~~l~~. The EMPRESS field is inciden t upon the gun mount with ~ = 85°,
= 620, and T = 1800. The gun mount l i e s  far enough ahead of the Supers t ruc tu re

that scattered fields can be neg lec ted a n d on ly  the i n c i d e n t p l a n e  wave f i e l d  need

be consid ered .

The an tenna cable is routed together with a large number of cables in its

ru n from the gun mount to the operations room . These other cables form a “grou n d

plane ” wi th respect to the ant enna cab le  wh i ch is cons i d e r e d  as a tr ansm i s s i o n
l i n e  ov er th i s  grou nd p lane. The loading of the model to represent the trans-

mission line from the gun mount to the ope rations room was done by adding an

i mpedance Z to the self-impedance term for the cable base segment. When the

antenna ca ble is grounded in the operat ions room , the transmission line impedance

is Z
c 

= Z tanh yL , where Z is the c h a r a c t e r i s t i c  impedance , y is the propagation

constant , and L is the length of the cable. Values for the characteristic

impedance and propagation constant we re obtained from an emp i r i cal  s tudy of

elec tronic subsystems [5]. The propa ga t ion cons tan t i s  w r i tt en i n  th e standa rd
comp lex frequency form

(8)

0.1 ir 0.35f/Ewhere a ~~~~
— 

~~~~~~~ 
+ (9 )

- o l0~ 
C

~~~~~~ ( 10 )

and f is the frequency , c the speed of li ght , € the r e l a t ive  d i e l e c t r i c  constant .

The first term in the loss factor ct is due to internal w i r e  res is tance  and the

second term is based on emp irical observa tion. Since the volume between the

cables conta ins a combinat ion of d i e l e c t r i c  ma te r i a l  and free space , the d ie l e c t r i c

constant was set to 2.3 .  Measurements ind icate that a resonable value for 20
is 30 ohms [5].
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The antenna bulk cable current was predicted at three locations inside the

gun mount; 0.38 meters , 1.70 meters , and 2.95 meters up from the f loor. The

freq uency and time domain responses are shown in Figures 38 through 40. The bulk

current nearest the floor (0138 meters) is dominated by the quarterwave resonance

of the antenna cable at 19 MHz. The transmission line resonances at l ower fre-

quenc ies are seen to modulate the time domain sli gh tly. The peak bulk current is

9.5 A. As one moves up the cable , the peak bulk cable current decreases to 7.5 A

at 1.70 meters up. The quarterwave resonance at 19 MHz st i l l  stands out along with

the l ow—frequency modulation , It is expected that the current decreases as the

prediction point moves up the cable since the quarterwave resonance current should

approach zero at the top. As the quarterwave resonance current decreases , the

current associated with the transmission line at 2 MHz remains constant. This is

evident in Figure I,O at a location of 2.95 meters from the floor where the bulk

cabl e current rings at 19 MHz but the l ow—frequency component is si gnifican t.

The bulk current measurements were made along the cable wi th a Singer

91550—2 curren t probe . The transfer i mpedance for this probe is very near one

over the frequency range 0.1 to 50 1Hz. Therefore , the a n a l y t ica l p re d i c t ions
have not been corrected since the change is small .

I t is expected tha t the currents predicted in this model w i l l  be larger

than those measured . This is because the mode l can only approx i mate the large

amount of structure surround i ng the antenna cable. This additional structure wi l l

shadow the cable and load it and hence decrease the current and the resonant

f requency. The large cable bundle into which the antenna cable feeds would

also i ntroduce a more complex loading than that used in the model. These

corr ections could be put into a more comp~ex model bu t were beyond the scope

of the effort intended for this program .

3. UK/SRA-l02 ANTENNA CABLE CURRENT

Four SRA— 1 02 an tenna s are located on the upper yardarms of the aft mast

as i l l u s t r a t e d  in Figure 41 and as shown in the photograph of Figure 13. The

coaxial  cables to each antenna are laced to the uppe r yardarms , enter the mast ,
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Bulk Cable Curren t at 0.38 Meters up from the Floor (EMPRESS
Facili ty Excitation and Cable Shield Grounded in Operations Room)
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and ar e routed d~~in the interior of the mast as ill u strated in Fi gur e 41.

Bulk cable currents on the outer braid of the coax were measured at the

loca t ion s show n i n Fi gure 1+1 . Analysis of only one of the four cable s

was required by the work statement. The selected cable is one wh i ch connects

to an antenna on the port yardarm .

The exact length of the cable from the mast entry point to its final

dest ination in the V/UHF office was not measured but is estimated , from shi p

c a b l e  rout ing  d i ag rams , to be abou t 61 meters . The characterfs t ,c Impeda nce

Z , of the cable with respect to the interior mas t wall is estimated to be 40

ohms. The propaga tion coefficient , y,  is ass umed to be

0.1 i f  0.3Sf . 2irfSf = • / ~~~ + 8 + -~
c y 10 3x 10 3x 10

The f i r s t  two term s of equatior’ (11) are based upon empirical data of

a ircraft cable runs having many branches . The third term is the usual free

space propagation factor. The coaxial cable is mos t likely shorted to the

equipment in the V/UHF office so that the impedance at the mast entry point ,

Z~~, l ook i ng towards the mast interior , i s

ZR 
= Z~ tanh yL (12)

The impedance at this point is driven by the current picked up on the external

por tion of the cable.

The dr ive of the external  cable can be represented as a Norton source ;

i .e., a short c Ircuit current and a parallel impedance . The short c ircuit

current of the external cable is estimated to be about 0.3 times the computed

total yardarm current. That is , if both antenna cables on the port yar tm arn were

shorted to the mas t at the mast entry point , the total yardarm current would

d ivide among the two cables and the yardarm . The estimate that 3/10 of the

cu r r e nt f l o w s  i n  one cab l e is probably high .
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The source inspedan Ce , ZA , of the ex terna I cab Ic is essen t i a I ly the

impedance of the t r a nsm i s s i o n  l i n e  formed by the cab le and the yardarm . The

cab le ~~t the ~sntenna end is be 1 i evel to be grounded to the ya rdarns so that

the impedanc e at the ma s t  en t r y  point looking out towards the antenna I--

tanh ~ ‘d ( I  ~ )

Based 4I ~~O1) phy s i c a l  oh- .t ’ r vat  ion  I the charac te r  is t i c  impedance , Z0, 
Is e’. t imat  c i

to h1’ ~3 
ohms and the length d , 4 . 2 2  meter s . The p ropagation coefficient . ~ 

‘ I

was est ii na t ei as

0.1 rr 0 llf  .
= + 

8 
+ ~~~~~~~~~~~~ (14)

o 10 3xlO ~x lfl

Th i s is the same propagation c o e f f i c i e n t  as for the i n t e ri o r  cab le  except that

the second term i s smaller s i n c e  there is no cab le  branching . The’ f i r s t  and

seco nd terms were chosen to be equal at 17 megahe rt i , the external cable resonance .

Based upon the above Norton equiva lent circuit parameters the cabl e curr ent

at the i l ,is t en t r y  po i n t , 1
E’ is

0;3  I Z A 
(15)

The c u r  r,-n t at any other  loca t ion , x , a long the cab 1 e is given b y the I ransin ‘5 s i  On

I ott t - s~u~, t ~)4) I 4) 1 a ea i~ l shorted at one end ; namely,

I (
~~ 

— I 
osh~ (.L.~_) (j~~~

E cosh~ L

is , ‘qtial to .~ero at the mast entry p o i n t .

The t i nit’ ~snd sp ec t r a 1 re spon s,’s of the c Jt~ it ’ Current at I he rcs s t nut ;

In I ~i r e shown in F i q nrc 42. The responses arc dilliOs I i dent Ic a 1 to the pi T r

1 ,P P I ’r ‘~a r i1jrm cur r, ’r, t (F i qur&’ 29)  except w i t h  a re’duc t ion in maqni t udt’. The

pt’aL t i me d itia in response is  1 .8 amperes .  The res ponse s  f u r t h e r  d(~vn th~ at’ ic ~
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(Figures l~3 through 45) change only s l i ghtly. The hi gh frequencies are

a t te nua te d  more as a funct ion of d is tance  so tha t by 8.5 meters (Figure 46)

the peak time domain response has d ropped to 1.55 amperes.

4 . FOREMAST W I R E  ME R E C E I V E  A N TE N NA

T he foremast rece ive  antenna is loca ted  at frame 26 starboard. The antenna

is 10.75 meters long and runs from the foremast yardarm to a high volta ge standoff

at the base. It is required to predict the short circuit current at the base of

t he’ an tenna.

A hi gh—frequency w i r e  g r id  model of just the antenna was constructed for

t he int e ra c tion of the antenna with the in cident field (no scattered fields).

This model consisted of 21 linearly connected wire grid segments each of length

1/2 meter  over a ground plane. The t rans fe r  func t ion  for the real and imag inary

parts of the base segment current for the hi gh—freq uency model is shown in Figure
1+7. The’ cur rent  is c a p a c i t i v e  at low frequency w i t h  a resonance near 7 MHz. Th i s

is the quarterwave resonance of the antenna at which the current at the base is

m a xi ral . Other hi gher order resonances are seen but they are reduced considerably

in amp 1 i tude

The mid-frequency model (see Section 1 1. 3) includes the foremast wire

receive antenna as shown in Figure 8. The transfer functions for the real and

i I’ldqi n a ry parts of the base segmen t curren t are shown in Fi gure 48. The field

which excites the antenna in the MFM is the superposition of the incident and

s~ jttered fields . The structure near the antenna loads the antenna by in cre as in q

ant en r c cap acitance and mutual inductance. This loading decreases the antenna

resonance frequency and the scattered field changes the magnitud e and phase of

t h t- curr5 ’ri t w i t h  respect to the incident field. Hence , the transfer function

of Fi i u r ~’ 
1+8 has a resonance near 6.5 MHz and the scattered field interaction

is evident driving the real part negative near resonance. This di p in the trans-

fer fun ction is due to the interaction of the antenna with the port foremast

an tenna. The port antenna was shorted at its base whereas if it were loaded ,
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the i nt e rac t ion wou ld  be weake r . These transfer functions for the mid—frequency

and h i gh—fr equency models were merged between 12 to 15 MHz. By comparing the

amplitudes , i t is clear tha t the quarterwave resonance near 6.5 MHz dominates

the transfer function ; however , the hi ghe r order resonances were included for

completeness. The transfer function is completed when the LFM contribution is

i ncluded. The LFM foremast transfer function was found by first calculating the

electric field at those positions in the LEM (see Figure 2) occupied by the

foremast antenna, This electric field was then integrated along the length of

the antenna to g ive the open circuit voltage at the base . The antenna i mpedance

was derived from the MFM calculations which extended down to 0.5 MHz. Consequentl y,

the LFM transfer function for the short circuit current is g i ven by 1 (f) = V (f)/Z(f).

Thi s transfer function was merged with the MFM between 2 and 4 MHz. The foremast

receive antenna transfer function over the en tire frequency domain was obtained

from these three models and appropriate merg i ng.

The short circuit current at the antenna base was determ i ned by mul t i p l y ing

the transfer function by the EMPRESS spectrum . The time and frequency doma in

responses a r e  shown in Fi gure 49, The quarterwave resonance at 6,5 11Hz dominates

the spectrum with the next resonance peaking near 20 11Hz. The current i n i t i a l l y

follows the incident electric field until the reflected current arrives at the

base and the antenna current oscillates at the quarter wavelen gth resonant

frequency peaking at 17 A. The small ripples on the early time wavefo rm are

caused by the three-quarter wavelength resonance at near 20 MHz.~ The structure

surroundin g the antenna creates a cavity effect which accounts for the hi gh Q of

the curre nt.

The open circuit voltage at the base of the antenna was predicted and the

freq uency and time domain resul ts are shown in Figure 50. The open cir c u i t

volt age was ca l culated by forming the product of the short ci r c u i t  current and

a nten na i mp edance at each f r e q u e n c y , V
0~ ~fl = ‘ sc~~~ 

x Za (f)• The antenna

Th ev e n i n impedance was found as part of the tI I RANT program . The open c i r c u i t

voltage response fo l lows the incident field excitation with the half—wave antenna

resonance at 13 MHz superimposed as a ringin g . The peak open c ircuit voltage is
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1+ k V ,iri&j non ii ru’.m r e f I ec s wh ich in i qh I Em it hi Vol , m c I e  have, n o t  been i tie I a b c - i

ill t he model . The c - b  t e~ t ot  mnea su remen I probe ca paL i t  ance i s sniia 1 1 (‘see S.’~ 1 ion

I I .6) . anti bbs ’ l e s u  1 t s wt’le not nod if i ed to includ e probe effects •

5, d R I M A S T SURF A C I- CURR ENT DENSITY

rhe f e - ’ r ’ ’~ is t  ~ 5 t i I ~ cI f i ~~’ a circul a r ~y ) m dc,- except at i t s  b,ism’ ~~

i n  h p h c c i  o~,rapin c ’ t  F i q uit ’ 57 . The i i ~is t was modeled in t ht’ low— f rt ’1~~Ier1( V

5h1 - t t i t - I d  i . c dc ’ 1 a- . — - i ip le w i  r— e seqnnen Is and s i ,  J t i i  anc lu I,ir ~s I i ndc~ in th e

i J t I ~~~~i i i i  1,- ~s b ~~’ t I i o ld  i iodc ’ i . The ana l ys i s i s t he s i l l . ’ as to r t he at nas t

Ti s di ii- -ed i i i  S e c t  ion I I I  . I . — -

T he  ,I~~ I. I  I -. urf i t  c t i , r e m i t i- ..ms prod ict e d on the jbc ~~I t  S i  t i c  at hei qht~ of 1

~, and q r r e t l ’ l - .. The l int ’ ,tritl spec t ra T rc ’sIi&nns e . a le  shown in I- i q u r e- - 1 ,2 
• 

I c

I n s T  ,!+ . The f o r e i r i s t  resonant .- i s  a t  ~.8 MM .’ • and the 2.8 MH: ~ f t  m a s t

I ’ ~0l1.tii LI’ I ‘. ml ‘cli 
~ ro deo i nun t . The peak res pen se i s I ow’-s t (27 •minpe re s /
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Tm t h.’ - - ho t  I c i I~C L I  t ~
- ti m  rent and open c i  I I I  it vol I ,mqe at the base.  Ti me i re  ( hod
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for the - 5h ort c i r c u i t  5urr en t has the fundamental di pole quarterwave resonance

at 8 MM.’. The HEll and IIFM were merged between 12 to 15 MHz. The l ow-frequency

response of tht’ an ten na was found by integratin g the electric field along the

antenna i s  dt’s ,~rI b i s 1I in S e c t  ion 1 1 1 . 14. The l ow—frequency transfer function was

n e r q e~I ts~ th the IIF’I re s ult s over the 2 to 1+ MHz range. The resultant frequency

domain -cp ectrum w i t h  the EMPRESS fi e ld folded in is displayed in Figure 55 along

with the tim e donnain. The short circuit current is basically a damped sine at

the quarterwave resonant frequency of the antenna and peaking at 60 A . The

response is ; ‘ r imar i  Iv that due to the incident field since the re i s  very  l i t t l e ’
scatt ered fi e ld at the port HF antenna. The open circ uit volta ge a t  the  a n t e n n a ’ s

base was ca lcul ated by m u l t i p l y i n g  the antenna impedan ce by t he’ short ci r c u i t

current IiS a function of frequency. The open ci r c u i t  voltage frequency and time

d o m a i n  res ponses  are shown in Fi gure 56. The voltage i n i t i a l l y  fol lows the

EMPRESS f i e l d  which excites the antennas ha l fwa ve  resonance current at 16 MHz

r e s u l t i ng  i n  a hi gh—frequency r ing ing superimposed upon the EMPRESS field. The

peak open ci r c u i t  voltage at the base is 12.5 kV. The analysis did not consid er

a n y  nonlinear effects such as die l e c t r i c  breakdown or arcing which might occur

before’  t h is  v o l t a g e  i s  reached.

The effect of mea surement probe loading on the predicted voltage was

exa i-ii ne d and found to be n e g l i g i b l e  when the probe capac i tance is w i thin

manuf acturer ’ s s p e c i f i c a t i o n s .  The hi gh volt age measurement was done with

a TI- k t r o ni \ type P6015, 140KV , 1000X probe . This probe has an input resi stance

of 100 t{~ in parallel w i t h  3 pF . This impedance was placed in the model and

found t o  reduce the v o l taqe sl i g h t l y. The vol tage plot ted in F i qure 56 includes

the ;‘robt’ loadi n g. Tht~ eff ect of probe capacitance was i nvestigated furth e r by

I mc rea- 5 i rn~~ the p101 )0 capat. lance t o  31) pF . The open ci rcu it vol tags’ is shown

i nn F i gure 57.  The ’ peak vo l t age  is  reduced and m u c h  of the hi g h— frequency

rI - s p t l n s c ’ is I i  I te ’red - Ut. Hence , if stray capacitance s i g n i f i c a n t l y  loaded

t he prohc ’, the volt age’ response would he’ reduced. The effect of the Sin L;t ’r

9 l5~ 0 —2 ~ir rr ent probe was discuss ed in Section 1 1 1 . 2 .
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7. LORAN RECEIVER WHIP ANTENNA

The LORAN receiver whip antenna is a Desi gna tor British Type (AWN ) w i t h

length 9.1 meters located at frame 24 1/2 starboard. Both the open circu i t

voltag e and short circuit current at the base of this antenna were predicted.

The ana lys is method was iden tical to that already described for the foremast

rece ive and ElF t rans m i t  antennas.

-‘ 
The LORAN r ece i ve r  antenna ’ s response is  dom inated by the q uar te rwave

resonance at 8 11Hz. The NFl-I short circuit current transfer function displays

th i s dipo l e quarterwave resonance at 8 1-1Hz with the scattered fields from the

forinast antenna and radar modifying the func t ion  s l i g h t l y .  Th i s  t r a n s f e r

func t i on  was merged wi th the LFM and HFM and m u lt i p l  ied by the EMPRESS spectrum .

The frequency and time domains for the LORAN short cir c u i t  current are shown

i n Fi gure 58. The frequency domain is dominated by the quarterw ave resonance ,

and the time domain displays this resonance behavior after i n i t i a l l y  follow i ng

the EMPRESS field. The current peaks near 30 A and has a relat ively hi gh ~2. The

hi gh Q of this response is probably due to a cavity effect created by the

s t r u c t u r e  surrounding the antenna.

The ope n c i r c u i t  vol tag e a t t he a nt en na base was de ter m i ned  by f o r m i n g

the product of the short circuit current and the antenna impedance. The frequency

iiid time domains are shown i n  Fi gure 59. The vo l tage follows the incident

EMPRESS f i e l d  with the antenna ’s h a l f w a v e  resona nce r i n g i ng a t 16 MH z
superimposed upon it. The peak open circuit voltage is near 11 kV. The

anal ysis did not consider any nonlinear effects such as breakdown of

d i ele ctr i c or arcing caused by the hi gh voltage .

8. ACH ASTRO VHF ANTENNA

The ACM Astro antenna is a VHF EW antenna located on the l owe r yard a n i ”

of the aft mast as shown in Fi gure 60. The fan shaped ground plan e is made of

3.5 foot radial tubing of 3/8 inch outside diameter. The tape red radiating
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e lement , or s tub , is  a l s o  about 1 . 1  meters lonq and is about 10.2 cent m e t e r s  ide

at i t s  ha- -c . The a x i s  of the radi a ting element is 45 degrees from -n the vertical

j f ld  -4 5 Je~~rces  s t i m h o ~~rd o f f  the sh ip c e n t e r l i n e .  The antenna i s  connec ted  to

t-qu ip ~ t -mmt in th~ i - m a i n  co m m u n i c a t i o n s  o f f i c e  by 61 meters of 75 ohm c a b l e .  The

rtN u re  men t ~.a t o  p r e d i c t  the open ci  rcu i t  vol t age , the short ci rcu i t  c u r re n t

and the - m a t c h e d  load cur ren t  at t ne  end of the 61 -m et e r cable. Thi s wOs done

i r s t  m’ odel m g  the antenna as a Th even in  e q u i v a l e n t  source. Two s e p a r a t e

~ i re  or id m o d e l s  -.ere used to compute the s tub  short  c i r c u i t , 1 sc ’ and the s t u b

i ‘mpt -dan ~ t’ A

The lot - — frequency model of the A C M As t ro antenna is part of the a f t ca s t

and sardarri m odel of  F igu re  26 , In the t r~ quem ~cy ra nqe of this  ‘m odel (0 to

10 MM~ ) ,  the an tenna  responds as a shor t  d i p o l e , p i c k i n g  up the ‘ m ast  and \ - a rJ a r r m

resonances . Abov e 30 MHZ a more d e t a i l e d  model of the antenna by i t s e l f  was

Je ’ \ n - loped (see Fi gure 6 1 ) .  Each of the radial arm s is divided into two sc e n t s

so that the upper—frequency I ir m i t i - s  ove r 100 MH7. For t h i s  h ig h—frequenc y  --odd 1

the antenn a is a s s u m m m e d  to he in f ree space wi th no c o u p li ng to nearby structure.

There  i s , hom ç - v e r , scm ’ me -~hadowi nq of the inc ident f i e l d  b~ the mast s i n c e  t h e

a n te n n a i - , on the starboard s i d e  near the shadow bound ar\ . A hand c a l c u l a t i o n

ol the e l e c t r i c  f i e l d  at the antenna location , assuming the cast is an i n f i n i t e

c~~l inder , shows tha t  the f i e l d  is reduced to 140 percent of the incident I icid at

30 -‘~H - . A l - -c , by com p ar ing the low—frequency  a n t e n n a  model short  c i r c u i t

current with the h igh—frequ enc y  model c u r r e n t , a redL ict ion of 50 p e r c e n t  i s

requ i red  to o h ta i n  a sm ooth match near 30 MHz. A fac to r  of one—ha lf  was intr o-

duced , the ro for5- . i n to  the hi qh— freque micy model to  account fo r  ‘ ma s t  sha le - nq .

The two -~odel  s w e r e ‘merged togethe r between 26 and 10 MH,’ . The hi q h — f r e q u e n c \

‘mode l has a resonance at  65 MHz when the tub is near l y  a q u a r t e r — w a v e l I -n l l t h

1 L’fl~~

The cu r ren t  i - ’ t O  3 m a t  e hod I oa i ( ~ ohm- ms ) ~~t t he antenna t i na 1 s

g iven by

= ( 1  ‘\
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The time and spectra l response of equation (17) Is shown In Figure 62.

The mast and yardarm resonances at 3.2 and 10.5 MHz are clearl y seen. The

antenna resonance at 65 MHz is obscu red by the rap id oscilla tions of the EMPRESS

field. The time thxnain response is qu i te similar to the lowe r yardarm current .

The fir s t 50 nanoseconds show a sli gh t response to the antenna resonance . The

peak current is 2.8 amperes. Since the coaxial cable loss is quite low , the

match ed load current of Figure 62 also applies at the end of the 61 meter

cable.

When the cable is shorted , the inp ut impeda nce, Z~~~, at the antenna terminal

Z~ = 75 tanh yL (18)

where

_ _ _  9
3xl O

The propaga tion coefficient , y, is assumed to be similar to RG-1 l which

has a loss variation of (61.

ci = 1.5 x 10 ~ (ar )

and a relative dielectric constant of r = 2.3.

The cj,rrt-nt at the antenna terminals for the shorted line condition is

7 l
A sc

~n 7 4-2.A in

Ry use of tra nsmi ssion line equations , the current at the shorted end is

z IA SC ( ?)
(ZA+75 tanh 

yL) cosh yL 
2..
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For the firs t 618 nanoseconds , the t i m e  i t  takes the s iq na l  r e f l e c t e d  at

the shorted end to t ravel to the antenna and return , the short circuit current

is  t w i c e  that  of the matched load current. This is as expected since for the

i r s t  618 naooseconci s , t he source impedance at the shorted end is  the c h a r a c t e r i s t  c

i c c ~ ,d. i rc . ~e ~ f the cable. The short c i r c u i t  current , shown in Fiqure 63, has a

peaL o t  ‘~~. I amperes . A f t e r  618 nanoseconds , t he s igna l  r e f l e c t e d  back from the

Jl~ t0r )i~J appears . Thi s  reflect ed wave does not show the 65 MHz o s ci llat ion since

t h i s  frequency is nearly matched and absorbed (radiated) at the antenna . The

pt ’ t I u’ shows t he large n umbe r of pot es wh I c h are a pp rex i mat e1 y due to t he .‘ t r tcs

..t ~e h  L.

The ~u rrent was a I so measured up in the mast at the end of about 1+ ~e ti r-.

~ at. lo . For t he f i rs t 140 nanoseconds , the current (see F i qu re 61+) I s t he same

as the end ot the 61 meter  c a b l e  s i nc e  the antenna r e f l e c t e d  s iq na l  is not ye t

cc . The 4 mete r ca ble I r. shorted at the one end and I s app rex I ma to  1 y open .i

the antenna end for the dom inant exc i ta t  IOfl f reque ncy of 10.5 MM:. The resonant

re qut ’rl c y .~t t he’ a b l e  Is 11  .1 MHz . The refore , the current  te nds to ret ~i e~ t hack

I n phase w i t  h t he e \._ i t  at  ion current  and bu i I ds up  to a peak of I ~l amperes .

L. When the .1 )) le i s open c i rcu it  ed , t he c a b le  I inpedance at t he antenna i s

‘ . ~~ith ~ L ( ;~ ~)

he v o l t  i t  he antenna te rm in a l , V in ’

~ 
-:
~~

-
‘

~~~~
-
~~~

•

~~~ 
(:~4~

( I oo I I  I r~ ni t  ~ ‘I . i t t e  at the end e t t he cab 1.’ I s o b ta i ned  b~ di  I i

e quat ion ( 2 4 )  h~ . osh ‘~L ~.nd us inq equat ion (2~ ). A f t e r  s i m p l i f i c a t i o n  the open
I u l t via I t ,,q i I von t’~( ;‘,
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The open ¼ I rc n i t  \ L 1  It  .iqe of t he 61 met e r ca b le  I s shown i n Fl qure 65.

S I 1 ¼  e t he saIl r~. e I mpedarr1. e I s 75 ohms for the f I r st 618 nanoseconds • the

open ¼ i t c u i t  vo l  t a ’ t e  is  s im p l~ 15 t ime s the short c i r c u i t  cu r ren t  ~If Figure

n 4 . The pe ak va 1 uc - I ~R2 v o l t  s . Re low 20 MM: , Z~ 75 so tha t  t he ice c t , - urn

peak V a ! I’ c l e a r  I a t  t he :~‘ ros of -; i rrh L.

T he ap.-rc c I i c  L i l t  vo l  t age at the end of a 1+ ‘re t or cab le  i s di  sp I aye~1 in

F I ~
- ( c I t . The ab le  Is now a pprox imate ly  open at both ends so tha t  the c a b l e

I O~S S ) T1 SII1 t I i c ’~~r ci c rc  I .‘.~ MH: • A-. t he v o l t  age bounces back and f o r th  h~ twee r i  t he

I I t  ¼ ~ I i_ u  i t s  I nLa  t I. out of ph1a SI ’ i~ i t  h the 10. 1~ MM: e s c i t  at  i an. I he~
i c _ o c t  r t - - p i ’ c r - ~e i s • t he  re fo ,e  • cr1 . 1 1111 ’ , due to the a f t  i~ is t 1. ‘s cn lnc ’ . The

peak. a 1 ~I. I - _ \ ~ ‘ I t - _

Uk ‘~~k \ -  It )  I • \ Nl  LNN-\

T h i s  . l r c ( e r i r i a  Is a broadband con ic~i I h ig h f requency (HF) r e c e i v i ng  antenna

11 1¼ a t  ed j I t r a t’ s -  ~t j  p o t  slilli s t a r  bo.i rd . I t  I s co n ne c t e d  to a re ce i ve r  pa tch  pane I

in t ic, ’ l t _ , ; n  L a c i u I r i 1 a t I ,,’ , cs O f f i ce  (MC O ) by a Id .h ‘ c e t e r  l enqth  of c a b le .  The c u r r e n t

coup I t J  t i ’ a I t  c r .  ,l I ~~ II at t he rece I ye r pa t c h  pant ’ 1 in the TS C O wa -. p red i c t ed .

A w i r e  ‘~r Id ao del  of the por t  and s t a r b o a r d  U K / S R A — l O l  antenna- .  wer e  con —

“t  ruc t e d  ~ Ir i ch inc 1 uded nearby sh ip ’ s s t r u c t u r e  (F Ig ure  67) .  These antennas a re

a i t p , o s i ’ c 5 I te 1~ •~ r I et e i s  t a l l  w i t h  top loading It) inc rea se t h e i r  e f f e c t i v e  he ig h t .

rho ¼¼ ’ I \ ia l  cab le from the a ntenna to t he t1CO was  rIodeled as a type RG—R u s i n g  the

t r 1 t i i - tc ~c is s I o n  I l ire e q u a t i o n  and a less te rm of ~~~ dR/30.5 meter s at 20 MHz . The

‘esu Its t a r t he Ira t c hod load (50 ohm) cur rent  in the MCO (be fore t he I n put f i l t e r )

, I I e  ~_ l 1 ¼ 1t¼I i  I c r  F g u t  es (c ~~ and 6~ . The current  in the port antenna i s damped s m u —

soi  t,I l u~ i t h ,i I tiff: re- . c na nce f r equency and a peak ~‘a 1 ue of 18 A. Th i s  res ponse

I s F t  i ,‘ir p r I ‘ca ,  Ii 1w I he Inc i dent and s c a t  Ic red f ie 1 d s near the top of t he

air t ~‘ ‘ icr. I  The 1 ,i~ ’ I ~~~ t I i1 I d near the an tenria base i ‘. cance 1 1 ed by he ref Ic c I

I e I 1t I i le I he t b  i p • - .1 ruc t nrc pro duces  .in enhancenien t of the t’ lee t r I I  I i o l d

ni’a I ’ t i c . - op of  t he a n tenna- .. The so enhanced e l e c t  r I I ie 1 ds are c r e a t e d  1c~ t he’
h i b  slit I .h 0 Ira I qe J e r r s  ~~ es  wh ich  form along the edges 1-ind ~. S t I 1  he 1 a r g o t  in

‘l Il t 1 I t  u d e  I han t h1 ’ I crc I dent t i~’ 1 d. The res u 1 tan t f i e l d  at the a ntenna I -_ t hus

l i i  II’I I f r . i r r  tha t due to only t i’e i t ic I dent f I~ 1 d
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The current in the starboard antenna exhibits the interaction with the

inc ide nt  field and the scattered field off the ship ’s edge. The current resonates

at H P$H: w i t h  a peak va l ue near 314 A. Th1 , current is larger than that predicted

for the port antenna because the incident fi e ld at the antenna base is not

t a n c e l l e d  by ,i r e f l e c t e d  f i e l d .  The total cur le nt is again enhanced by the large’

s ur f  ace c harge d e n s i t i e s  wh ich  accumulate along the ship ’s edge. Both res ponses

o 1 low the inc I dent f i e l d  e x c i t a t i o n  i n d i c a t i n g  that commo n modes ex t i ted in the

‘. h l p ’ s ‘- t r u c t u r e  are ‘~ma l1.  The matched load vo l tage  can be found from the

c ij r r , -r r  t i es p t t r t -.I’ by mu 1 t I p ly ing the current  by t he load I nlpedance of 50 ohms .

H0n¼ - • t hi ’ 1) 1- si k v t  It  age rt ’- .$ ) t i i rst ,  wou I d be 900 Vt) I t s (port ) and I 700 vt I I t  s

( s t 5 u i - hoat ’d) w i t h  Ie’otn, Int  f requency at 13 tIM :.

The’ cur rent  at t he’ base of each antenna can be found by tran slating the

re’ .ponse back up the coaxial cable . The waveshape is essential ly unaltered and

the peak amplitude increases to 2 1 A (port )  and 1+0 A ( s ta rboard ) .

10. CABLES IN THE OPERATIONS ROOM V

The operation s room contains many t iti s sion—essentia l combat systems

integr ation equipmen ts and their associated cablin g . One large bundle of c a b l e - -
runs f ront the gull mount to the gun console on the forward side of the operations

room. The curr ent s obtained in the analysis of the gun ntount antenna cable in

S e c t i o n  1 1 1 . 2  were used to es t itr rate the peak bulk cab le  current on a grounded

and tr iatched load cable in the operations roonr.

The bulk cable current at the base of the gun mount whip antenna was trans-

hated froln the gun nx)unt to the operations room using the standard transmi ssion lin e

equat ion . The t ransmission lin e parameters for this cable’ were defin ed in Section

II I . . ~. The re s u l t a n t  short circuit and matched load currents predicted in the

1)15-rat ic r r r’~ room are s hown in Fi gures 70 and 71. Roth of these cable shi e ld

m i  I ira I iou ’. were node’ led because the mode of tern) i nat Ion was ur ‘ t known . Bot ii

t c i r r e n t s  d i sp lay  frequency resonances at 19 MHz (gun mount antenna cab le )  and 2

M u ’  ( t r a n s m i s s i o n  l i ne ) .  The t ime domain responses are shifted by the ca b le  t r a ns i t

t ime and have peak currents of 5.5 A for the short c i r c u i t  case and 2.75 A for the

matched load c i r c u i t .
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*4 The curr ent pred icted on th i s cable is expected to be an upper l i m i t

because of the many si m p h if l cat i on s in the model. The complex loadin g of the

4 cable bundle wa s only i t i cluded in a modification of the loss term In the tran s—

t it i ss I on 11 ire trquat ion. In add it ion , the coupl I nq in the gun mount was

4 
s i l t r p l l f i e d  to inc lude  only the pr imary  s c a t t e r s  wh i ch  probably o v e r e s t i m a t e s

the induced cur rent .
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SECTION IV
CONCLUSIONS AND RECOMMENDATIONS

- V I. CONCLUSIONS

Wire g rid uttod el ing techn iques based on a ture t hod of moments solution have

been used to predict currents , current densities , and voltages on ten ship ’s

i t e i r s . The r e s u l t s  of  these ’ analyses are sutr~rariz ed in Table ’ 1 whe re the

peak response and dom i nate f
V
r equ ency  ire g i v en for each i tem . D e t a i l s  of

each analy sis can be found in Section I I I .  The maximum current density occur- ,

on the foret ni- .t (port) 5 nteters up where the mast is i l l u m i nated directly by the

in ciden t field. Max imun u total current was found on the aft mast. The maxi tirutr l

an tenna current and voltage occur on the HF transmit whi p antenna . This is

because’ the por t antenna interacts directly with the incident EMPRESS field.

The other antennas were partially shielded by nearb y sh i p ’s struc ture which

red uced the field. The por t UK/SRA-l Ol antenna also interacts directly with

incident field , but its effective length is shorter than the HF transmit.

It i s  expected that these analyses overestimate the currents and voltages

ind uced on the Sheffield. The analytical models were by necessity sin ip l ificat ions

of the physical situa tion . When simplifying the models , I t was done in a manner

wh ich gave maximum couplin g thus ignoring t u m o r  scatters , cross coupl in g to ot her
cabl es , shadow i ng , etc., which would tend to give more loss than the simp le models

pred i c t .

The analysis did not consider nonlinear effects such as dielectric break-

down in cables or arcing . Therefore , if the high voltages predicted in soirre

of the antenna s caused breakdown , these models would not include it. A l s o ,

the’ ef fect  of the measurement probes was not in general included in the r e s u l t s

because when the probe was within manufacturer ’s specification , the effect was

str t,i l I
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Table 1 Summary of H.M .S. Sheffield EMP Ana l ysis Resul ts

TASK PEAK FREQUENCY COMMENT
RESPONSE (MHz) 

_____________________

AFT MAST
MAST CURRENT DENSITY 26 A/M 3
YARDARM CURRENT 11 A 10 , 3

4.5 INCH GUN MOUNT
ANTENNA CABLE

BAS E CURRENT 9.5A 19
MID CURREN 1 7.5A 19
TOP CURRENT 2.2A 19

UK/SRA-102 ANTENNA

V CABLE
CABLE CURRENT 1.8A 10

FOREMAST WIRE MF RECEIVE
ANTENNA C’JRRENT 16A 6.3 STARBOARD ANTENNA

FOREMAST S1..I1FACE
CURRENT DENS I TY 47A/M 1+

HF TRANSMIT ANTENNA
CURRENT 60A 8 PORT ANTENNA
VOLTAGE 12.5KV 16

LORAN RECEIVE ANTENNA
CURRENT 30A 8
VOLTA GE 11 KV 16

ACM ASTRO VHF ANTENNA
MATCHED LOAD CURRENT 2.8A 3, 10 AT END OF 200
SHORT CIRCUIT CURRENT 5.5A FOOT CABLE
OPEN CIRCUIT VOLTAGE 400V 3, 10

UK/SRA~ IOI ANTENNA
CURRENT PORT 18A 13 MATCHED LOAD CURRENT
CURRENT STARBOARD 34A 13 AT END OF 202 FOOT

CABLE BEFORE FILTER
IN MCO

CABLE IN OPERAT I ONS ROOM
CURRENT SHORT CIRCUIT 5.5A 19, 2 V

CU RRENT MATCHED CIRCUIT 2.75A 19 , 2 
_____________________
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In concl u si on , i t is found tha t computer aided w i re  g r id  modeli ng te c hn iqu es
can be used to predict EMP-induced currents on nava l ship ’s structures. The

model ing techn i que requires the division of the problem into severa l submodels

it i  order to pe r fo t
V
rl the calcu lations. However , s u f f i c ie nt de ta i l  can he

iir ~. orporated into these models to predict the major couplin g .

2. RECOMMENDATIO NS

A l l  analyses done in this report were performed without access to any of

the H.~1 .S. Sheffi e ld test data and without participation in the test program.

Al th eug h th i s  approach allows one to verify the adequacy of the computer aided

wire gr i J rr tod e ling techn i que , a mo re benef i c i a l approach to the sol ut ion of EMP
c L r L i r I I n g  pr ob let ’ts is to cotuhine the analysis and test efforts. Calculated

re s p o n~~I’s t o  ‘ i m u l a t e d  EMP on p~ t proq ratit s have often t I t he s revealed errors in

te s t data , L , i U S t ’Lj by accidental interact ions between test instrumentation and

test i t e ’~ , or produced during the data reduction process . When a pretest analysis

is performed on a system , the numbe r of test points can be limited to only the

!tost adv unt ,tq~’~’us ( t i r es . Pred ic t e d  tuagni tude and frequency responses can be used

to sel ect t h5 - -s- ,l’~uretnerr t equipm ent , and one can identify those test points where

prot ection of the tes t err system equipment is necessary. The test data can then

be used to inprove the analytical rrrode ls .

When test data are compared to the pretest analysis predictions , the

analysts understanding of the interac tion w i l l  he verified and/or improved so

that the s y s t e m  models can be corrected , if necessar y. These models can then be

used w i th increased confidence to predict responses for i tems at which t~easure-

ment s  were  t rot  made and for environments tha t cannot be simulated . In addition , 
V

when the theoretica l understanding of the EMP interaction w ith the system i s

enhanced , a better te st procedure can be written. Hence , it is reconinrende5i for

future shi p t e s t  programs that an analytical effort be conducted in parallel

with it , and that the an a lysis and test acti v i t i e s  be intimately associat ed for

optimum program performance .
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APPENDIX A
EMPRESS FIELD

V 

- 
The Elec t romagnetic Pulse Radiating Environment Simulator for Shi ps

(EMPRESS) is a subthreat level simulator capable of genera ting eithe r horizontally

or ve rtically polarized fields. For the Sheffield test , only the ver tica l mode

was used .

The ve rtica l mode of EMPRESS consists of a 30.5 meter high , 30 deg ree V

ha l f—angle conical antenna , top loaded by the 396.2 meter long horizontal line.

(See reference 7 for a detailed system description.) The Sheffield was ancho red 
V

abou t 375 meters from the vertica l cone as shown in Fi gure A— l. The EMPRESS field

was inci dent upon the port side of the shi p at an angle of 62 degrees from the

bow. In the absence of the ship, the time domain electric field was measured at

the shi p anchor poin t , 4.27 meters above the water. The peak resonance , as shown

in Figu re A—2 , i s 2800 volts—per—meter . The rise time is 13 nanoseconds. The

t ime wav efor m was di g i tized and transformed to generate the spectrum as shown In

Fig ure A— 2, A computer list i n g  of thi s spectrum (rea l and imaginary parts) was

provid ed by NSWC .

A t the shi p anchor location , the angle between the horizân and ti p of
the vertical cone is 4 .5 degrees. The wavefront is far enough away from the

sourc e that is can be approx i mated as a sum of two planewaves ; a direct and a

wa ter reflected wave. Since the measurement point is near the water , the re f l ec ted

vertica l elec tric field is nearly equal to the direct wave with a 2.3 nanosecond

delay. The measured data , therefore , is approximately twice the direct wave .
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Figure A-i H.M.S. Sheffield in the EMPRESS Facility
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